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Summary

Immunological synapses (ISs) are formed at the T cell-antigen-presenting
cell (APC) interface during antigen recognition, and play a central role in
T-cell activation and in the delivery of effector functions. ISs were origi-
nally described as a peripheral ring of adhesion molecules surrounding a
central accumulation of T-cell receptor (TCR)-peptide major histocom-
patibility complex (pMHC) interactions. Although the structure of these
‘classical’ ISs has been the subject of intense study, non-classical ISs have
also been observed under a variety of conditions. Multifocal ISs, charac-
terized by adhesion molecules dispersed among numerous small accumu-
lations of TCR—-pMHC, and motile ‘immunological kinapses’ have both
been described. In this review, we discuss the conditions under which
non-classical ISs are formed. Specifically, we explore the profound effect
that the phenotypes of both T cells and APCs have on IS structure. We
also comment on the role that IS structure may play in T-cell function.
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Introduction

Recognition of peptide antigens by T cells and their sub-
sequent activation, which are of central importance for
adaptive immune responses, necessitate the physical inter-
action of T cells and antigen-presenting cells (APCs).
Early studies of both cytotoxic T lymphocytes (CTLs) and
CD4" helper T (Th) cells interacting with APCs present-
ing cognate antigen demonstrated that the microtubule
organizing centre (MTOC) and the cytoskeleton of the T
cell are orientated towards the APC."* These cytoskeletal
changes, resulting in gross changes in T-cell morphology
and a flattening of the T cell against the APC, occur
almost immediately after antigen recognition.™ Experi-
ments with supported planar lipid bilayers showed
that peptide-loaded major histocompatility complexes
(pMHCs) and the adhesion molecule intercellular adhe-
sion molecule 1 (ICAM-1) are sufficient to stop migration
and induce MTOC polarization in T cells.” Seminal work
from the Kupfer and Dustin laboratories demonstrated
that, in addition to the morphological changes described
above, receptor-ligand interactions and signalling mole-
cules involved in adhesion and antigen recognition are
organized into distinct domains or supramolecular activa-
tion clusters (SMACs) at the Th cell-APC interface.®”
This organization is thought to function in the communi-
cation between the two cells and has therefore been

termed the ‘immunological synapse’ (IS).® In this review,
we examine the kinetics of IS formation and the effect
that T-cell differentiation state and APC phenotype have
on IS structure. We also discuss the role that IS structure
plays in T-cell activation and function.

The classical immunological synapse

Initial observations of the organization of molecules at
the cell-cell interface during antigen-specific interactions
between Th cells and a B-cell lymphoma line indicated
that T-cell receptor (TCR)-pMHC interactions, along
with the signalling molecules protein kinase C (PKC-6)
and lymphocyte-specific protein tyrosine kinase (Lck),
are located in a central SMAC (cSMAC), while adhesion
molecule interactions [lymphocyte function-associated
antigen 1 (LFA-1)-ICAM-1] surround the ¢SMAC in a
peripheral SMAC (pSMAC)” (Fig. 1a). Similar structures
are also seen when Th cells are introduced to supported
planar bilayers containing fluorescently labelled pMHC
and ICAM-1.° Significantly, CD8" CTLs also form
‘bull’s-eye’ type ISs with a ring of adhesion molecules
surrounding TCR-pMHC interactions both in vivo and
in vitro, demonstrating that the phenomenon is not lim-
ited to CD4" Th cells.”"" Bull’s-eye ISs have also been
observed at the interface between natural killer (NK)
cells and target cells, where a central accumulation of
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activating or inhibitory receptors is surrounded by adhe-
sion molecules."

Immunological synapse structure varies with
time

The observations described above were made at relatively
late time-points (more than 10 min after conjugate for-
mation). Experiments with conjugates fixed at various
time-points and studies utilizing time-lapse microscopy
have demonstrated that IS formation is a dynamic process
involving a number of intermediate structures. Early
images of CD4" T cells forming ISs with supported planar
bilayers demonstrated that the majority of TCR-pMHC
interactions exist at the periphery of the interface at early

Immunological synapse diversity

time-points, but consolidate in the cSMAC within 5 min,
while the opposite pattern occurs for LFA-1-ICAM-1.°
The large phosphatase CD45 is present in the centre of
the contact zone at early time-points,"> but is cleared
from the cSMAC by 7 min post-conjugation.'”'* How-
ever, experiments using supported planar bilayers as APCs
demonstrated that under some experimental conditions
CD45 does accumulate at the ¢SMAC in addition to the
strong peripheral accumulation.'>'® The spatiotemporal
location of CD45 relative to the TCR during IS formation
is of interest because, while dephosphorylation of the Src-
family kinase Lck is critical for the initiation of a signal
through the TCR, CD45 is also capable of dephosphoryl-
ating activated components of the proximal TCR signal-
ling complex."” The conflicting data obtained for CD45
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Figure 1. Immunological synapse and kinapse structures. Examples of classical (a) and multifocal (b) immunological synapse (ISs) and immuno-
logical kinapses (c) are shown. The fluorescent images are from experiments where CD4" T cells were introduced to supported planar bilayers
containing fluorescently labelled peptide major histocompatibility complex (pMHC) and intercellular adhesion molecule 1 (ICAM-1). T-cell
receptor (TCR)-pMHC and lymphocyte function-associated antigen 1 (LFA-1)-ICAM-1 interactions are green and red, respectively, in both the
representative diagrams and fluorescent images. Differential interference contrast (DIC) images are also shown. Note that the cell forming an
immunological kinapse (c) has a polarized shape with a well-defined lamella and uropod. The conditions under which these phenotypes are seen
and the corresponding references are also given. The scale bars represent 5 pm. APC, antigen-presenting cell; cSSMAC, central supramolecular
activation cluster; CTL, cytotoxic T lymphocyte; DC, dendritic cell; DP, double-positive; iTreg, induced T regulatory cell; pSMAC, peripheral
supramolecular activation cluster.
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localization in experiments using different types of APC
(planar bilayers and B lymphoma cells in this case) dem-
onstrate the important effect that experimental parame-
ters can have on results and conclusions, and the hazard
in generalizing results derived from one experimental
system. The influence of the type of APC on IS structure
is discussed in detail below.

In an experimental tour de force, Wiilfing et al. used
live cell imaging to examine the spatiotemporal patterns
of 30 green fluorescent protein (GFP)-conjugated signal-
ling sensors and found that the TCR and a group of
proximal signalling molecules, including zeta-chain asso-
ciated protein kinase of 70 kDa (ZAP-70), linker for acti-
vation of T cells (LAT), phospholipase C-y and PKC-6,
are rapidly recruited to the cSMAGC,'® in agreement with
previous results.”'? This large accumulation of TCR-prox-
imal signalling molecules in the ¢cSMAC could be inter-
preted as evidence that IS formation is required for the
initiation of signalling; however, this is not the case
because phosphorylated signalling proteins, including Lck
and ZAP-70, are found at the T cell-APC interface prior
to the formation of mature, bull’s-eye 1Ss.'*'? In fact, the
majority of phosphorylated signalling molecules are found
in the periphery of the T cell-APC contact."® This result
was explained by the discovery that TCR microclusters,
containing 40-150 TCR molecules, form immediately
upon contact with planar bilayers containing pMHC and
ICAM-1.*° The microclusters exclude CD45 and contain
activated signalling molecules, including pLck, pZAP-70
and pLAT, as well as CD28 and PKC-0,'®°? and are
reminiscent of the small signalling clusters seen when Jur-
kat cells are introduced to anti-TCR coated coverslips.*®
These microclusters move centripetally in an F-actin and
myosin motor-dependent fashion, resulting in the forma-
tion of a TCR-rich cSMAC.'®****?> However, as the TCR
microclusters move towards the centre of the interface,
they become dissociated from the TCR-proximal signal-
ling molecules, as well as CD28 and PKC-0.”*** New mi-
croclusters are continuously generated in the periphery
and move centripetally, even after the formation of a
mature, bull’s-eye IS,°”*' while the presence of a marker
for multivesicular bodies and the endosomal sorting com-
plex required for transport I ubiquitin-recognition com-
plex at the ¢cSMAC indicates that this is a site of active
TCR down-modulation.'®*® Thus, IS formation is best
viewed as a two-stage process. Stage I occurs immediately
upon T cell-FAPC conjugation and involves the formation
and coalescence of TCR microclusters, resulting in a
large-scale, actin-dependent rearrangement of receptors,
downstream signalling molecules and adhesion molecules
into SMAGCs. Stage II is characterized by relative stability
in the macro-structure of the IS and the centripetal
movement of newly generated microclusters from the
periphery to the ¢SMAC where signalling is extinguished
and the TCR is down-modulated.

T-cell differentiation state influences IS structure

Although most studies have focused on the formation
and structure of classical ISs with well-defined SMACs,
the literature contains many examples of T cells forming
non-classical ISs under a variety of conditions. The differ-
entiation state of T cells has a particularly profound effect
on IS structure. Experiments examining the ISs formed
between double-positive (DP) thymocytes and thymic
stromal cells in vitro showed an inability of DP thymo-
cytes to form a cSMAC with a centrally located accumula-
tion of TCRs during negative selection.”” Furthermore,
DP thymocytes interacting with bilayers containing
pMHC and ICAM-1 fail to form classical ISs.*® Instead,
these cells form ‘multifocal’ ISs characterized by a T cell-
APC interface with ICAM-1 interspersed among multiple
small accumulations of TCR-pMHC and phosphorylated
signalling molecules.”® These multifocal ISs are hypothe-
sized to be the result of relatively low TCR expression by
DP thymocytes compared with peripheral T cells.”

The observation that DP thymocytes fail to form classi-
cal ISs leads to the question of whether there are T-cell
subsets in the periphery that also form alternative IS
structures. Several groups, including our own, have con-
ducted experiments examining the ISs formed by differen-
tiated Th1l and Th2 cells and found that Th2 cells do not
form classical ISs under a variety of conditions.'®?>?
Bottomly et al. discovered that Th2 cells fail to cluster
TCR-pMHC interactions at the interface when forming
conjugates with resting B cells,’ and found that this
defect was attributable to relatively high levels of cyto-
toxic T-lymphocyte antigen (CTLA)-4 in Th2 cells com-
pared with Thl cells.’’ Th2 cells are also less efficient
than Thl cells at clustering TCR—-pMHC in a ¢SMAC
when B lymphoma cells are used as APCs.'® In a recent
report, we showed that ISs formed by Thl and Th2 cells
have a strikingly different morphology when transfected
fibroblasts or planar bilayers containing pMHC and
ICAM-1 are used as APCs.”> While Th1 cells form classi-
cal, bull’s-eye ISs, Th2 ISs are multifocal, with small accu-
mulations of TCR-pMHC that exclude ICAM-1 spread
throughout the interface (Fig. 1b). Unlike Thl ISs, CD45
is excluded from the TCR—-pMHC foci but not the inter-
face as a whole. The foci did co-localize with phosphoty-
rosine staining, suggesting that these small TCR—-pMHC
accumulations are sites of active signalling.”’> The multifo-
cal pattern of TCR-pMHC, together with the continuous
association of these foci with active signalling molecules,
that we observed in Th2 ISs is similar to the IS structure
reported for DP thymocytes.*®

Several studies have described non-classical ISs formed
by T cells that have been anergized and are hyporespon-
sive to subsequent activation. Thl cells anergized via
treatment with ionomycin initially form classical ISs with
planar bilayers, but these ISs are highly unstable com-
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pared with those formed by control Thl cells.”® Also, the
recruitment of the TCR and some signalling molecules to
the T cell-APC interface is abnormal for anergic cells
under some experimental conditions.’*® However, we
have shown that, when T cells are anergized by activation
in the absence of costimulation, the macro-structure of
the ISs formed with transfected fibroblast APCs is similar
to that of controls.”” The disparate results obtained in
these studies probably indicate the importance of specific
anergizing conditions in determining the structure of ISs
formed by hyporesponsive cells.

Antigen-presenting cells influence IS structure

In addition to T-cell differentiation state, the phenotype
of APCs can profoundly affect IS structure. Dendritic cells
(DCs) have been shown to form multifocal ISs with naive
CD4" and CD8" cells”® and activated CD4" cells.”>*
There is evidence suggesting that this multifocal structure
is the result of T cells interacting with microvilli on the
DC surface.”” The activation state of DCs may also play a
role in determining IS structure, as LPS treatment
increased the frequency of classical ISs in one study;*'
however, others have found that activated DCs promote
the formation of multifocal 1Ss.** It is interesting to note
that, unlike B cells,** DCs polarize their actin cytoskeleton
towards the T cell in an antigen-specific manner, and poi-
soning the DC cytoskeleton results in decreased T-cell
activation.*>** Tt is possible that the involvement of the
DC cytoskeleton encourages the formation of multifocal
ISs. Unlike DCs, B cells, tumour cell targets and sup-
ported planar bilayers seem to promote the formation of
classical, bull’'s-eye ISs by both naive and activated T
cells.>”!®!*> One explanation for these observations is
that a classical IS with clearly defined SMACs is not
required for T-cell activation by DCs during the priming
phase of an immune response, but is necessary for the
targeted delivery of certain effector functions, including
cytolytic granules, inflammatory cytokines such as IFN-y
and preformed CD40L.'4¢7>2

Given the importance of costimulation during T-cell
activation, the influence of CD28—CD80/86 interactions
on IS formation and structure is of interest. We have
shown that blocking of CD28-CD80 interactions
decreases the accumulation of TCR-pMHC and alters the
morphology of the ISs formed between activated T cells
and transfected fibroblast APCs,> in agreement with
other studies demonstrating that a lack of CD28 signal-
ling results in diffuse ISs that lack a clearly defined
cSMAC.>»® Additionally, activated but not resting B cells
are capable of promoting TCR clustering in ISs formed
by Th2 cells, and treating activated B cells with anti-
CD80/86 decreases TCR accumulation in both Thl and
Th2 1Ss.”" However, the differentiation state of the T cell
may be critical in determining the effect of CD80 on IS
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formation, as experiments examining the ISs formed by
naive CD4" T cells with planar bilayers containing pMHC
and ICAM-1 with or without CD80 did not detect a
CD80-dependent difference in IS frequency or structure.”®
Also, CD28 ligation does not alter the ISs formed by
naive CD8" cells, which have been reported to form dif-
fuse ISs without clearly defined SMACs.”” However,
experiments with naive CD4" cells and chinese hamster
ovary cell APCs showed that multifocal ISs are formed in
the absence of CD28 ligation, while cSMACs are formed
when CD80 is present.’®

Signalling through the TCR is critical for IS formation
and maintenance,”® and thus the role that the strength
of TCR signalling plays in IS structure is worth exploring.
In elegant experiments using fluorescently labelled pep-
tides, Davis et al. showed that as few as 10 agonist pMHC
molecules are sufficient to induce ¢cSMAC and pSMAC
formation.*® Reducing the amount of available antigen by
over 100-fold does not significantly alter the structure of
ISs formed between T-cell blasts or Thl cells and planar
bilayers.(”32 However, Th2 cells are more likely to have a
single, centrally located cluster of TCR-pMHC than a
multifocal phenotype at low levels of antigen, but fail to
form ISs with a peripheral LFA-1--ICAM-1 ring at any
antigen dose.”” Thus, decreasing the availability of antigen
can alter IS structure, but these effects depend on the dif-
ferentiation state of the T cell and are not seen univer-
sally. Non-classical ISs are also formed by T cells
interacting with APCs presenting altered peptide ligands
with a lower affinity for the TCR. In the planar bilayer
system, weak agonist and antagonist peptides induce
decreased TCR-pMHC accumulation compared with
strong agonists, and T-cell blasts interacting with antago-
nist-loaded bilayers fail to form classical 1Ss.® Similarly,
ISs with well-defined ¢SMACs are not seen when T-cell
blasts are conjugated with a B-cell lymphoma line pre-
senting a weak agonist peptide.®’ Interestingly, when
T-cell blasts are introduced to planar bilayers or B cells
containing agonist mixed with an excess of antagonist
peptides, the T cells flux calcium, but accumulate ICAM-
1 in a crescent shape and fail to stop, suggesting that
weak signalling through the TCR encourages T cells to
adopt a migratory phenotype.®* Additional examples of T
cells assuming a motile phenotype upon antigen recogni-
tion, instead of forming stable ISs, are discussed below.

Immunological kinapses

While most studies of T cell-APC interactions have
focused on stable conjugates, it is known from in vitro
experiments that dynamic T cell-DC interactions, charac-
terized by brief, migratory interactions, are sufficient for
the induction of calcium flux, activation and prolifera-
tion.*” Furthermore, in vivo imaging of naive T cell-DC
interactions indicates that T cells go through three stages
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during priming: several hours of high T-cell motility and
short-lived T cell-DC contacts, followed by a phase of rel-
atively long-lived contacts and decreased motility, and
finally rapid motility and short contacts concomitant with
proliferation.”*®> Of note, even cells forming relatively
long-lived contacts with APCs retain some motility.®*%
Thus, T cells undergo periods of varying motility while
integrating signals through the TCR.

Time-lapse studies of naive CD4" T cells interacting
with planar bilayers containing pMHC, ICAM-1 and
CD80 showed that these cells alternate between forming
stable, symmetrical bull’s-eye ISs and forming migratory
‘immunological kinapses’.®® The actin-regulatory protein
Wiskott-Aldrich syndrome protein was found to promote
the reformation of ISs, while PKC-0 destabilizes symmet-
rical ISs, causing a transition to immunological kinaps-
es.%° CD4" CTLs, Th cells, anergized Thl cells and T cells
recognizing antagonist pMHC have all been observed
forming migratory, immunological kinapse-like struc-
tures.”>**>>%? These structures are characterized by a
crescent-shaped accumulation of LFA-1-ICAM-1 in the
middle of the cell (lamella) pointing towards the direction
of migration and clusters of TCR-pMHC in the trailing
uropod (Fig. 1c). We have found that induced T regula-
tory cells form immunological kinapses in the absence of
costimulation, but transition to stable, symmetrical ISs in
the presence of high, but not low, levels of CD80 (T.J.
Thauland and D.C. Parker, manuscript in preparation). It
is likely that the level of TCR stimulation and costimula-
tion, the differentiation state of the T cell and the pheno-
type of the APC combine to determine whether cells
predominantly form symmetrical ISs or kinapses or tran-
sition between the two modes.

Common themes

Given the diversity of IS structures described in this
review, it is interesting to consider what characteristics all
ISs have in common. Large-scale molecular rearrange-
ments at the T cell-APC interface are the hallmark of IS
formation, and this repositioning is dependent on the
cytoskeleton, because poisoning the T-cell actin cytoskele-
ton, but not microtubule function, results in the failure
of large clusters of TCR—-pMHC to accumulate at the T
cell-APC interface.”*”®® In addition to large-scale molec-
ular rearrangements, the actin cytoskeleton is also critical
for the formation of new TCR microclusters and for the
centripetal movement of microclusters of signalling pro-
teins and adhesion molecules.'®*® The segregation of sig-
nalling and adhesion molecules into separate domains
also appears to be a common phenotype of all ISs and
kinapses, and occurs even at the level of microclusters
early after conjugation, before IS formation is complete.*”
Microclusters containing small numbers of receptors and
associated signalling molecules are found not only in T

cell-APC ISs, but also in the ISs formed by B cells and
NK cells.®*" Tt is likely that actin-associated microclus-
ters of signalling and adhesion molecules are a basic unit
of all ISs and kinapses. The formation of the classical ISs
has been proposed to occur via centripetal movement of
TCR and LFA-1 microclusters, with highly actin-depen-
dent clusters of adhesion molecules failing to enter the
nascent cSMAC because of the relative paucity of actin at
the centre of the T cell-APC contact zone.”

What is the role of microclusters in forming multifo-
cal ISs? We propose that microclusters are present in
the ISs formed by DP thymocytes and Th2 cells and in
T cell-DC ISs, but that F-actin is not completely
excluded from the centre of the cell-cell interface in
these ISs, perhaps because of differences in the initial
signalling events after TCR stimulation. Microclusters
have been observed fusing together to form larger clus-
ters prior to consolidation in a ¢SMAC.'® A similar coa-
lescence may take place in nascent multifocal ISs, but
with the presence of actin and actin-associated adhesion
molecules in the centre of the contact zone preventing
c¢SMAC formation. Instead, these larger clusters of TCR—
pMHC might create a barrier to the diffusion of adhe-
sion molecules, as has been observed in the cSMAC,”
resulting in multifocal ISs with adhesion molecules inter-
spersed among, but excluded from, TCR-pMHC accu-
mulations. Experiments designed to observe F-actin
dynamics and microcluster formation in nascent multi-
focal ISs will be necessary to test this hypothesis.

Why is there such diversity in IS structure?

There is evidence that the cSMAC plays a role in modu-
lating signals through the TCR,*"7>7* and serves as a site
of TCR down-regulation.'®** We propose that these func-
tions happen at sites of TCR—-pMHC accumulation, but
do not necessarily require the formation of a cSMAC.
Thus, TCR down-modulation could occur in the TCR-
pMHC clusters in multifocal ISs or in the uropod of T
cells forming kinapses. The propensity of DP thymocytes,
naive T cells (when forming ISs with DCs) and Th2 cells
to form multifocal ISs suggests that bull’s-eye ISs with
well-defined SMACs are not required for thymocyte selec-
tion, T-cell priming or Th2 function, at least under some
conditions.”***?*

Well-defined SMACs are a hallmark of the ISs formed
by NK cells, CD8" CTLs and Thl cells."**>*° In fact,
CD8" CTLs are capable of forming antigen-independent
LFA-1-ICAM-1 rings, suggesting that these cells may be
‘primed’ to form classical 1Ss.”* Cytolytic granules are
delivered to target cells at the cSMAG,'“*** and the
PSMAC is critical for efficient target-cell lysis*>’>. Addi-
tionally, Th cells are capable of secreting some cytokines,
including IFN-y and IL-10, directly at the APC, while
others, such as IL-4, are secreted multidirectionally.*®
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Thus, while multifocal ISs and immunological kinapses
are sufficient for signal integration and T-cell priming,
the delivery of certain effector molecules, such as the
inflammatory cytokine IFN-y, and cytolytic granules
necessitates the formation of a classical, bull’s-eye IS.
We suggest that IS macro-structure is linked to function.
Cells being selected in the thymus, primed in peripheral
lymphoid organs or secreting Th2 cytokines form
immunological kinapses and non-classical ISs, while cells
that function by delivering inflammatory or cytotoxic
effector functions specifically to antigen-presenting targets
are poised to form classical ISs with well-defined SMACs.
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